We demonstrate the ballistic transport of electron spin in the absence of net transport of electron charge. Spin-up electrons move in one direction, while an equal number of spin-down electrons move with the same velocities in the opposite direction, yielding no net charge motion. This effect, also referred to as a 'pure' spin current, results from the quantum mechanical interference of the transition amplitudes associated with two-photon absorption of an optical field of frequency ω and one-photon absorption of a field of frequency 2ω. By changing the relative phase of ω and 2ω fields, we demonstrate coherent control of the magnitude and direction of this pure spin current. Results agree with recent theoretical predictions. We use polarization-sensitive pump-probe techniques to monitor the resulting ballistic spin transport with <10 nm spatial resolution.
Introduction
In recent years, ballistic charge currents have been optically injected into semiconductors-without applying an external bias-through the interference of one-and two-photon absorption processes using quantum interference control (QUIC) [1] . In previous reports [1, 2] electrons were optically injected into bulk semiconductors with velocities of several hundred km s −1 , resulting in ballistic net charge transport, and hence ballistic net charge currents. QUIC has been used to inject currents that are spin-polarized [2] , as well as currents that are not spin-polarized [1] , but in each case a net charge current was injected.
Here, we use QUIC to inject a ballistic spin current that is not accompanied by a net charge current [3, 4] , which results in ballistic spin transport without net charge transport. This transport arises through the quantum mechanical interference between the transition amplitudes associated with twoand one-photon absorption of fundamental (frequency ω) and second harmonic (frequency 2ω) pulses, respectively. This interference results in an asymmetric distribution of electron spins in k-space: the average spin of carriers with momentum +k is opposite in direction to the average spin of carriers with momentum −k. This non-equilibrium distribution of carriers in the conduction and valence subbands gives rise to the pure spin current. The decay of this current is expected to be dominated by the carrier-carrier scattering, and the spin of the electrons relaxes on a much longer time scale [5] .
For ω and 2ω having orthogonal linear polarizations, with ω polarized along the x-direction and 2ω polarized along the y-direction, Bhat and Sipe predicted [6, 7] that the 'spin-up' (spin vector along the +z-direction, denoted by ↑) and 'spindown' (spin vector along the −z-direction, denoted by ↓) components of the charge current injection rate (J) can be written:
where the − (+) holds for ↑ (↓), φ ≡ 2φ ω − φ 2ω and φ ω (φ 2ω ) is the phase of the ω (2ω) field. This current (shown in figure 1 ) consists of two counter-propagating currents with equal magnitudes and opposite spins. Thus, there is zero net charge current. According to equation (1), the magnitude and sign of the spin currents can be controlled by adjusting the relative phase parameter φ. 
Experiment
In the experiments, x-polarized ω (1.42 µm wavelength) and y-polarized 2ω (0.71 µm) pulses propagate along the +z-direction and are focused at normal incidence on a (001)-grown GaAs/AlGaAs multiple quantum well sample, thereby exciting electrons with ∼180 meV excess energy. Calculations show that for this excitation, the electrons have ballistic velocities of several hundred km s −1 . The ∼100 fs ω and 2ω pulses propagate collinearly, and the phase difference between them is controlled with a scanning Michelson interferometer [3] . A third ∼150 fs pulse (0.81 µm) is focused even smaller, and probes the local density and spin of pump-injected carriers at various locations across the excited region, as shown in figure 1. σ − (left circular) and linear probe polarizations, sensitive to spin-down, spin-up and total electron density, respectively. The σ + and σ − curves are 180
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• out of phase; thus for a given φ, spin-up electrons accumulate and spin-down electrons are depleted on this side of the excited region, as expected for a pure spin current. When φ changes by π, the directions reverse, so the direction is coherently controllable. The result for a linearly polarized probe confirms there is no discernible change in total electron density, as expected when the net charge current is zero.
In the experimental geometry considered here, where the pump fields propagate along the growth axis of the quantum well, there is no quantum interference control of the overall carrier or spin population [8, 9] . In addition, for a given probe polarization, T ( φ)/T taken with the probe on the righthand side of the pump spots is approximately out of phase with T ( φ)/T on the left-hand side [3] , confirming that these are spin currents, as opposed to a change in the overall carrier spin. Figure 3 (a) plots the conventional differential transmission T (n)/T , which shows the spatial profile of the overall carrier density n for each of the pumps acting alone and for the two acting simultaneously. Note that the carrier profiles created by ω and 2ω acting independently are nearly identical, suggesting that the two arms of our 'matter interferometer' are well matched, which should be the optimum condition for generating a QUIC current [1] . Figure 3(b) shows the peak value of T ( φ)/T at a range of probe positions for each of the three probe polarizations. For both σ − and σ + probes, the peak phase-dependent signal follows the absolute value of the derivative of the overall spatial profile of the carriers created by ω and 2ω acting together, as shown in figure 3(a) . That is, the peak T ( φ)/T is determined by a small shift of the spin-up carrier profile in one direction and the spin-down in the other. From the relative magnitudes of the T ( φ)/T and T (n)/T data, we estimate that the carrier profiles of each spin move ∼10 nm. By contrast, for a linearly polarized probe, there is little or no phase-dependent signal, providing evidence that there is no net charge current along the x-direction.
In summary, we have shown that quantum interference control techniques can generate ballistic spin currents without accompanying charge currents, resulting in ballistic spin transport without net charge transport. In future studies, a similar technique could be used to study the spin transport associated with non-equilibrium spin distributions in k-space in the absence of electric or magnetic fields. The results here, which show that this transport can be produced and studied in the plane of quantum wells, suggest that the effects of sample geometry on non-equilibrium spin transport could be studied by making comparisons between transport in various types of semiconductor structures such as bulk material and quantum wells and wires.
